. Pulmonary-artery pressure and exhaled nitric oxide in Bolivian and Caucasian high altitude dwellers. High Alt. Med. & Biol. 9:295-299, 2008.-There is evidence that high altitude populations may be better protected from hypoxic pulmonary hypertension than low altitude natives, but the underlying mechanism is incompletely understood. In Tibetans, increased pulmonary respiratory NO synthesis attenuates hypoxic pulmonary hypertension. It has been speculated that this mechanism may represent a generalized high altitude adaptation pattern, but direct evidence for this speculation is lackoxide (NO) in 34 healthy, middle-aged Bolivian high altitude natives and in 34 age-and sex-matched, well-acclimatized Caucasian low altitude natives living at high altitude (3600 m). The mean Ϯ SD systolic right ventricular to right atrial pressure gradient (24.3 Ϯ 5.9 vs. 24.7 Ϯ 4.9 mmHg) and exhaled NO (19.2 Ϯ 7.2 vs. 22.5 Ϯ 9.5 ppb) were similar in Bolivians and Caucasians. There was no relationship between pulmonary-artery pressure and respiratory NO in the two groups. These findings provide no evidence that Bolivian high altitude natives are better protected from hypoxic pulmonary hypertension than Caucasian low altitude natives and suggest that attenuation of pulmonary hypertension by increased respiratory NO synthesis may not represent a universal adaptation pattern in highaltitude populations.
Introduction
A N INCREASE IN pulmonary-artery pressure is a hallmark of the physiological response to the ambient lack of oxygen and occurs very rapidly after high altitude exposure (Naeije, 1992) . In chronic hypoxic states, sustained pulmonary vasoconstriction and/or vascular remodeling of the pulmonary vasculature may lead to sustained pulmonary hypertension and its associated complications (Penaloza and Arias-Stella, 2007 ). Compared to European or North American low altitude natives, hypoxic pulmonary hypertension has been reported to be attenuated in Andean high altitude populations and even more so in Tibetans (Penaloza and Arias-Stella, 2007) , but the underlying mechanism is not clear.
Pulmonary respiratory nitric oxide (NO) might represent a candidate mechanism. While it is well established that NO synthesized by the pulmonary vascular endothelium plays an important role in the regulation of pulmonary-artery pressure during hypoxia, more recent evidence suggests that NO synthesized by the respiratory epithelium also plays a role (Settergren et al., 1998; Vaughan et al., 2003) . In rabbits, inhibition of alveolar epithelial NO synthesis increases the pulmonary-artery pressure response to hypoxia (Vaughan et al., 2003) . In healthy Caucasians, short-term exposure to high altitude increases exhaled pulmonary NO (a marker of NO release in the distal airways) (Duplain et al., 2000) . In Caucasians prone to high altitude pulmonary edema, the hypoxia-induced stimulation of exhaled NO is impaired and contributes to the exaggerated altitude-induced pulmonary hypertension that characterizes these subjects (Duplain et al., 2000; Busch et al., 2001) . Recently, pulmonary exhaled NO was found to be higher in Tibetan and Bolivian high altitude dwellers than in low altitude residents in the United States (Beall et al., 2001) . Moreover, exhaled NO explained part of the variation of pulmonary-artery pressure at high altitude in Tibetans (Hoit et al., 2005) . It has been speculated (Beall et al., 2001 ) that increased pulmonary respiratory NO synthesis may represent a specific high-altitude adaptation pattern that helps to maintain pulmonary-artery pressure in high altitude populations within normal limits, but direct evidence for this speculation is lacking. We therefore measured the systolic right ventricular to right atrial pressure gradient and exhaled NO in healthy Bolivian high altitude dwellers and Caucasian low altitude natives living at the same high altitude location (3600 m).
Methods

Study design
Thirty-four healthy Bolivians (10 women, 24 men), born and permanently living at high altitude (3600 to 4000 m), mean Ϯ SD, age, 36 Ϯ 9 yr (range 23 to 53), and 34 healthy well-acclimatized Caucasians (13 women, 21 men), age, 38 Ϯ 7 yr (range 25 to 56), living at the same altitude, were included in the study. All Bolivian subjects had typical Aymara surnames and self-identified themselves as Aymaras. The Caucasian subjects had lived at this altitude for 6 Ϯ 7 yr (range 1 to 35). The subjects were recruited by advertising in local health centers and schools. All subjects were free of structural heart disease (as assessed by physical examination and Doppler chocardiography), and had normal pulmonary function tests; none had suffered from upper or lower respiratory tract infection during the last 4 weeks preceding the study. None of the subjects were smokers, were taking medications, or had a history of atopy or high altitude pulmonary edema. All measurements were made at the Instituto Boliviano de Biología de Altura in La Paz, Bolivia (3600 m, barometric pressure 493 mmHg). The experimental protocol was approved by the institutional review board on human investigation of the University of San Andrés, La Paz, Bolivia, and the University of Lausanne, Switzerland. All subjects provided written informed consent.
Exhaled nitric oxide
The measurements were made in the sitting position with a hand-held electrochemical analyzer (NIOX MINO ® , Aerocrine, Solna, Sweden) (Hemmingsson et al., 2004) , using standard quality criteria (ATS/ERS, 2005). The reported values represent the mean of two determinations that varied one from another by Ͻ10%. In a subgroup of 37 subjects studied on two different occasions 3 to 15 days apart, the intraindividual variability of exhaled NO was 0.3 Ϯ 3.7 ppb. For comparison across altitudes, exhaled NO was also expressed in nanometers of mercury (nmHg) by multiplying NO measured in parts per billion by (barometric pressure Ϫ 47)/1000.
Doppler echocardiography
Transthoracic Doppler echocardiography was performed in all subjects to rule out structural heart disease. To measure pulmonary-artery pressure and cardiac output, echocardiographic recordings were obtained with a real-time, phased array sector scanner (Acuson Cypress, Siemens, Germany) with an integrated color Doppler system and transducers containing crystal sets for 2D-imaging (3.6 MHz) and for continuous-and pulsed-wave Doppler recording (2.15 MHz), as described earlier (Scherrer et al., 1996; Oh, 1999; Allemann et al., 2000) . The recordings were stored on magneto-optical discs for off-line analysis by an investigator who was unaware of the subject's identity. After tricuspid regurgitation had been localized with Doppler color flow imaging, the peak flow velocity of the transtricuspid jet was measured with the use of continuous-wave Doppler, and the pressure gradient between the right ventricle and the right atrium was calculated by use of the modified Bernoulli equation. All reported values represent the mean of at least three measurements. Right ventricular to right atrial pressure gradient estimations of pulmonary-artery pressure have been validated against invasive measurements at high altitude .
The intra-and interobserver variability for the systolic right ventricular to right atrial pressure gradient measurements was 1.5 Ϯ 1.2 mmHg and 1.6 Ϯ 2.2 mmHg, respectively (n ϭ 30) and, for the cardiac output measurements, 10.7 Ϯ 10.2% and 7.2 Ϯ 4%, respectively (n ϭ 30). Cardiac index was calculated by dividing cardiac output (L/min) by the body surface area (m 2 ).
Arterial oxygen saturation and heart rate
Transcutaneous arterial oxygen saturation and heart rate were measured at a fingertip with a pulse oxymeter (OxiMax®N-595, Nellcor, Pleasanton, USA).
Statistical analysis
Statistical analysis was done with the JMP software package (SAS Institute, Inc., USA). The two-tailed t-test was used for single comparisons between the groups. Relations between variables were analyzed by calculating Pearson's product-moment correlation coefficient. A value of p Ͻ 0.05 was considered to indicate statistical significance. Data are expressed as means Ϯ SD.
Results
As expected, both groups displayed hypoxemia, which was similar in Bolivian and Caucasian high altitude dwellers (mean arterial oxygen saturation was 92.4 Ϯ 3.2% and 92.5 Ϯ 2.4% in Bolivians and Caucasians, respectively, p ϭ 0.85). Figure 1 shows that, in contrast to our expectations, the systolic right ventricular to right atrial pressure gradient was similar (p ϭ 0.84) in Bolivian high altitude dwellers (24.3 Ϯ 5.9 mmHg, range 11 to 35 mmHg) and well-adapted Caucasians living at high altitude (24.7 Ϯ 4.9 mmHg, range 17 to 37 mmHg). The cardiac index was also comparable in the two groups (2.2 Ϯ 0.5 L/min/m 2 , range 1.4 to 3.2 L/min/m 2 , vs. 2.4 Ϯ 0.6 L/min/m 2 , range 1.3 to 3.8 in Bolivians and Caucasians, respectively, p ϭ 0.53). Figure 2 shows that the NO concentration in the exhaled air was also similar (p ϭ 0.11) in Bolivians [19.2 Ϯ 7.2 ppb (8.6 Ϯ 3.2 nmHg), range 8 to 41 ppb] and Caucasians [(22.5 Ϯ 9.5 ppb (10.0 Ϯ 4.2 nmHg), range 9 to 52 ppb)]. No significant relationship existed between the systolic right ventricular to right atrial pressure gradient and the exhaled NO in SCHWAB ET AL. 296 the two groups (r ϭ 0.14, p ϭ 0.44 and r ϭ 0.19, p ϭ 0.29 in Bolivians and Caucasians, respectively; see Fig. 3 ). Also, no detectable relationship existed between exhaled NO and cardiac index in the two groups (r ϭ 0.1, p ϭ 0.60 and r ϭ 0.16, p ϭ 0.48, in Bolivians and Caucasians, respectively).
Finally, in the Caucasians there was no relationship between the number of years spent at high altitude and pulmonary-artery pressure (r ϭ 0.28, p ϭ 0.12) or exhaled nitric oxide (r ϭ 0.27, p ϭ 0.14).
Discussion
There is evidence that high altitude populations are generally better protected from hypoxic pulmonary hypertension than Caucasian low altitude natives (Penaloza and Arias-Stella, 2007) . Recent data suggest that this protection might be related to increased pulmonary NO synthesis (Beall et al., 2001 ). Here we found that pulmonary-artery pressure was similar in Bolivian high altitude natives and welladapted Caucasian low altitude natives living at the same high altitude location. Moreover, exhaled respiratory NO did not appear to be a determinant of pulmonary-artery pressure, because no detectable relationship existed between these two variables in this relatively large group of healthy people living at high altitude.
The finding that Bolivian high altitude dwellers were not protected from pulmonary hypertension was surprising, since we recently found that pulmonary-artery pressure was significantly lower in Bolivian than in Caucasian children living at the same altitude (Stuber et al., 2008) . The reasons for this discrepancy are not clear, but could possibly be related to a positive selection with regard to high altitude tolerance among Caucasians deciding to spend their lives at high altitude. The present echocardiographic estimations of pulmonary-artery pressure in healthy Bolivian high altitude natives were similar to invasive measurements reported in healthy Peruvian high altitude dwellers studied at a comparable altitude (Hultgren et al., 1965) , suggesting that these findings may be valid for Andean high altitude natives in general. The echocardiographic estimations of pulmonaryartery pressure in these healthy Caucasian and Bolivian high altitude dwellers studied at 3600 m were roughly 7 to 8
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FIG. 1. Systolic right ventricular to right atrial (RV-RA) pressure gradient in 34 healthy Bolivian high altitude natives and 34 age-and sex-matched Caucasian low altitude natives permanently living at high altitude (3600 m). Horizontal lines represent the mean value. p ϭ 0.84.
FIG. 2. Exhaled respiratory nitric oxide (NO) in 34 healthy
Bolivian high altitude natives and 34 age-and sex-matched Caucasian low altitude natives permanently living at high altitude (600 m). Horizontal lines represent the mean value. p ϭ 0.11. mmHg higher than those reported in a large North American population sample of comparable age studied at sea level, but were below the upper 95% limit found in this population (McQuillan et al., 2001) .
In an earlier study, exhaled NO was reported to be higher in Bolivian high altitude dwellers than in North Americans living at low altitude (Beall et al., 2001) . In the present study, exhaled NO was comparable in well-adapted Caucasians and Bolivian high altitude natives. Moreover, acute high altitude exposure increases exhaled NO in healthy Caucasian low altitude natives (Duplain et al., 2000; Busch et al., 2001) . Taken together, these observations suggest that in this earlier study the lower exhaled NO concentration in the North Americans was related to the fact that they were studied at low altitude, rather than to ethnicity. In line with this concept, exhaled NO was recently found to be similar in Bolivian and Caucasian children permanently living at high altitude (Stuber et al., 2008) .
The present findings differ from data in Tibetans, in whom exhaled NO explained a small fraction of the variation of pulmonary-artery pressure and cardiac index (Hoit et al., 2005) . This difference in the role of exhaled NO in cardiovascular regulation between Tibetans and Bolivians could be related to ethnicity and thereby represents an additional example of a different adaptive mechanism to high altitude among high-altitude populations (Beall et al., 2002) . Interestingly, pulmonary-artery pressure is lower in Tibetan than in Andean high altitude residents living at the same altitude (Penaloza and Arias-Stella, 2007) , and it appears possible that respiratory NO may represent a contributory mechanism.
While these findings do not provide evidence for a role of respiratory epithelial NO in the regulation of pulmonaryartery pressure during long-term exposure to hypoxia in Bolivians and Caucasians, they do not exclude the possibility that pulmonary vascular endothelial NO may represent a determinant of the long-term regulation of pulmonary-artery pressure in high altitude dwellers. Exhaled NO does not reflect pulmonary vascular endothelial NO synthesis (Sartori et al., 1999; Cook et al., 2003) , and endothelial nitric oxide synthase (eNOS) polymorphisms associated with augmented vascular NO synthesis are related to attenuated hypoxic pulmonary hypertension in high altitude natives in Ladhak (Ahsan et al., 2004) , whereas eNOS polymorphisms associated with defective NO synthesis predispose to exaggerated hypoxic pulmonary vasoconstriction and high altitude pulmonary edema (Droma et al., 2002; Ahsan et al., 2004) . Consistent with this concept, in Tibetans increased plasma concentration of bioactive NO products is associated with a higher systemic blood flow (Erzurum et al., 2007) .
Finally, the present findings in chronically hypoxic Caucasian high altitude dwellers contrast with observations made during short-term exposure to hypoxia, where low levels of exhaled NO were associated with exaggerated hypoxic pulmonary hypertension (Duplain et al., 2000; Busch et al., 2001; Vaughan et al., 2003) . Taken together, these earlier and the present observations could be consistent with the hypothesis that in Caucasians respiratory epithelial NO may be a determinant of the pulmonary-artery pressure during the short term, but not during long-term exposure to high altitude.
